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We report an all-optical atomic vector magnetometer using dual Bell-Bloom optical pumping
beams in a Rb vapor cell. This vector magnetometer consists of two orthogonal optical pumping
beams, with amplitude modulations at 85Rb and 87Rb Larmor frequencies respectively. We simul-
taneously detect atomic signals excited by these two pumping beams using a single probe beam in
the third direction, and extract the field orientation information using the phase delays between the
modulated atomic signals and the driving beams. By adding a Herriott cavity inside the vapor cell,
we improve the magnetometer sensitivity. We study the performance of this vector magnetometer
in a magnetic field ranging from 100 mG to 500 mG, and demonstrate a field angle sensitivity better
than 10 µrad/Hz1/2 above 10 Hz.
I. INTRODUCTION
Optically pumped atomic magnetometers use polar-
ized spin to detect the external field [1], and have demon-
strated wide applications in research fields as fundamen-
tal physics [2, 3], material science [4–6], geophysics [7]
and biomagnetic imaging [8–10]. Recently there have
been two main development directions in atomic magne-
tometry. One is to improve the sensor sensitivity, which
has reached the subfemtotesla level [11, 12]. The other
one is miniaturization for smaller size and power con-
sumption [13, 14]. It is common to sacrifice the sen-
sor performance for miniaturization [15], however, this
problem can be avoided by introducing multipass cav-
ities [16–18]. The cavity-assisted atomic magnetome-
ters have been used to enhance the detection of nuclear
magnetic and quadrupole resonance signals [19, 20], im-
prove the field sensitivity to the standard quantum limit
level [21], and realize magnetoencephalogram detection
in unshielded environment [22].
In addition to the magnetic field magnitude, it often
requires the whole field vector information in precision
measurements [23] and geophysics applications [7]. Cur-
rently most atomic vector magnetometers are based on
modified scalar magnetometers. The field orientation has
been extracted using methods such as effective modu-
lations in each axis [24, 25], absorptions of multiple
beams [23], or combined multiple harmonics from the
Faraday rotation signals [26–28]. Many of these meth-
ods involve additional rf fields. It is preferred to operate
atomic magnetometers purely using light-atom interac-
tions in practice [7], because it is easier to calibrate the di-
rection and control the interaction regions of laser beams
∗ dsheng@ustc.edu.cn
compared with rf fields. This all-optical vector magne-
tometer operation has been demonstrated for several dif-
ferent schemes in a bias field of 10 mG level [24, 25, 29].
In this paper, we report a compact, high bandwidth,
and highly sensitive all-optical vector magnetometer us-
ing the Bell-Bloom optical pumping methods [30]. We
improve the magnetometer sensitivity by implementing
a Herriott cavity [31] to the vapor cell. In a spherical
coordinate, the magnetic field vector is described by its
magnitude and two orientation angles. While the field
magnitude is read from the magnetometer operating in
the scalar mode, the field orientation is extracted from
the phase delays between the modulated atomic signals
and the driving beams. We study the performance of a
vector magnetometer working with this method in a field
magnitude ranging from 100 mG to 500 mG, and demon-
strate a field angle sensitivity better than 10 µrad/Hz1/2
above 10 Hz.
II. EXPERIMENT METHODS
Figure 1(a) shows a Bell-Bloom magnetometer config-
uration with an arbitrary magnetic field direction. With
the pumping beam intensity modulated at a frequency ω,
the optical pumping rate is Rop = a0 +
∑
n an cos(nωt−
αn). When ω is close to the atomic Larmor precession fre-
quency ωL, the atomic polarization P is most efficiently
pumped in the transversal plane perpendicular to the
magnetic field, denoted as the x′y′ plane in Fig. 1(a).
When Rop  ω, the component of atomic polarization
modulated at the frequency ω is mainly in the x′y′ plane,
with the expression as [30]
Px′ + iPy′ =
a1 sinψz
2 [R+ i(ω − ωL)]e
−i(ωt−α1), (1)
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2where R = a0 + Rd, and Rd is the depolarization rate
in the absence of optical pumping. In cases of near res-
onance, |ω − ωL|  R, the projection of the rotating
atomic polarization in Eq. (1) along the probe beam di-
rection is:
Py =
a1 sinψz
√
cos2 ψz cos2 θxy + sin
2 θxy
2R
sin(ωt+ φ1).
(2)
Since the probe signal is proportional to Py, φ1 in Eq. (2)
is the phase delay between the modulated atomic signal
and the driving beam, with the expression as
φ1 = cot
−1(cosψz cot θxy) + β, (3)
where β = pi/2− α1 + (ω − ωL)/R.
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FIG. 1: (Color online) Plots (a) and (b) show two
configurations of Bell-Bloom magnetometers with
pumping beams sent from z and x axes, respectively.
Plot (c) shows the experiment setup, with a picture of
the atomic vapor cell used shown on the right.
We get the amplitude and phase information of a Bell-
Bloom magnetometer simultaneously from the phase-
sensitive detection of the probe signal. While the signal
amplitude is used to track the field magnitude accord-
ing to Eq. (1), one degree of freedom of the magnetic
field orientation can be fixed by measuring the relative
phase φ1 in Eq. (3). Another independent equation is
required to fully reconstruct the magnetic vector, which
is realized by adding a second pumping beam in the x
direction as shown in Fig. 1(b). To separate the contri-
butions of the two pumping beams in the probe signal,
we fill atoms of both Rb isotopes in the vapor cell, and
selectively modulate the pumping beam intensities at the
Larmor frequencies of corresponding isotopes. Using this
scheme, the second independent equation is
φ2 = cot
−1(− cosψx cot θyz) + β (4)
= cot−1(−1
2
sinψz tanψz sin 2θxy) + β. (5)
θ and ψ are directly extracted from the combined Eqs. (3)
and (5). It is also convenient to construct a physical
picture using a different combination of Eqs. (3) and (4),
where each equation defines a curve on a unit sphere, and
the magnetic field direction points to the cross point of
the two curves.
In the experiment, we fabricate an atomic vapor cell
with Rb atoms in natural abundance, 400 torr N2 gas,
and an anodic bonded Herriott cavity inside [13, 20].
This Herriott cavity consists of two cylindrical mirrors
with a curvature of 100 mm, a diameter of 12.7 mm, a
thickness of 2.5 mm, a relative angle between symmet-
rical axes of 52◦, and a separation of 18.9 mm. A lin-
early polarized probe beam, 30 GHz blue detuned from
the Rb D1 transition with a diameter of 1 mm, enters
the cavity from a hole in the center of the front mir-
ror, and exits from the same hole after 21 times of re-
flections. The Faraday rotation of the probe beam is
analyzed by a polarimeter. As shown in Fig. 1(c), a
three-dimensional printed platform, containing the probe
beam optics and a vapor cell with inner dimensions of
14.5×27×15 mm3, sits in the center of five-layer magnetic
shields. Two distributed-Bragg-reflector laser diodes pro-
vide the pumping and probe beams. A pumping beam on
resonance with the pressure broadened Rb D1 line is split
into two parts, which pass through the vapor cell from the
x and z directions, respectively, with each beam diame-
ter of 1 cm and a separation of beam centers of 9 mm
in the y direction. As mentioned previously, these two
beams are independently amplitude modulated at the
Larmor frequencies of 85Rb (z axis beam) and 87Rb (x
axis beam) using acoustic-optical modulators (AOMs).
We reduce the cross-talk between the two beams by spa-
tially separating their interaction regions with atoms us-
ing a printed mask, which guides the pumping beams
through two square apertures with no intersections in
the y axis as shown in Fig. 1(c).
We lock the laser beam powers by sending feedback sig-
nals the amplitude control of AOMs. The power of the
output probe beam from the Herriott cavity is locked at
0.7 mW by using signals from polarimeter channels fil-
tered by low pass filters as the feedback signals. Each
pumping beam intensity is monitored by splitting a part
of its beam into two photodiode detectors before entering
the cell. One monitor signal is used for pumping beam
power locking, and the other one is used as the refer-
ence signal for demodulating the magnetometer signals.
The phase delay results between the atomic and reference
signals are recorded when the pumping beam modulation
frequencies are on resonance. Due to the pressure broad-
ening of atomic transitions, we did not add feedback to
laser frequencies.
3III. EXPERIMENT RESULTS
We use three home-built current sources to control the
magnetic field vector inside the magnetic shields. Fig-
ure 2(a) shows the phase results demodulated from the
87Rb signals for different field orientations with a bias
field magnitude of 100 mG, cell temperature of 85 ◦C,
each pumping beam intensity of 25 mW/cm2, and modu-
lation duty cycle of 20%. By adding a constant in Eq. (4)
to account for extra phase shifts in the experiment, we
plot theoretical calculations and experiment data in the
same figure. We find the experimental data agrees with
the theoretical values within ±5◦ for the studied field
angle range covering [ψx = 20
◦ − 75◦, θyz = 0◦ − 360◦]
and [ψx = 105
◦ − 160◦, θyz = 0◦ − 360◦]. If we leave
the constant added in Eq. (4) as a free parameter for
different ψx curves, the discrepancies between the exper-
imental data and theoretical values decrease to ±2◦. We
are investigating this discrepancy for better accuracy of
the theoretical model.
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FIG. 2: (Color online) (a) Comparison of experiment
data (symbols) and theoretical calculations using
Eq. (4) (dash lines) of the phase delay results. (b)
Experimental data of φ2 for different B fields at
ψx = 54.7
◦, and the inset shows the average phase
differences between the lines in plot (b).
As a general property of atoms driven by resonant
fields, the phase delay results of this vector magnetome-
ter are independent of the magnetic field magnitude.
Figure 2(b) shows the experimental data of φ2 for sev-
eral different magnetic fields with the same zenith angle
ψx = 54.7
◦. While the shape of φ2 remains the same,
there is a shift of φ2 as field magnitude B changes. The
average value of the phase shift is shown in the inset of
Fig. 2(b). We find from the experimental data that this
shift is independent of the pumping beam power, and
also find from density matrix simulations [32] that the
effect of spin-exchange interactions is negligible in the
experiment conditions. We attribute this shift mainly to
the changes of the Bell-Bloom magnetometer line shape
as B increases, which leads to a systematic error of the
fitted resonance used in the experiment, and introduces
a corresponding shift of β in Eq. (5).
The vector magnetometer studied in this paper shares
the same magnetometer bandwidth with the normal Bell-
Bloom magneotmeter, which is determined by the pump-
ing beam power broadening. In the experiment, we limit
the bandwidth to 100 Hz using the lock-in amplifier fil-
ters. According to Eq. (3), the phase result noise δφ of
the vector magnetometer is proportional to the magnetic
field magnitude noise δB as
δφ =
γδB
R
, (6)
where γ is the atomic gyromagnetic ratio. With the field
vector as B = 100 mG, ψz = 54.7
◦, θxy = 45◦, and same
pumping beam parameters as Fig. 2(a), we first mea-
sured the scalar Bell-Bloom magnetometer signals using
a method similar to Ref. [33], and found a field magnitude
sensitivity of 0.5 pT/Hz1/2 (0.7 pT/Hz1/2) above 10 Hz
for 85Rb (87Rb) atoms. While the magnetometer was
operated in the vector mode, we directly measured the
phase result noises of φ1 and φ2 from the demodulated
signals as shown Fig. 3(a), which are also consistent with
the calculations of Eq. (6) using the scalar mode mea-
surement results and calculated R = 2100 s−1 (3200 s−1)
for 85Rb (87Rb) atoms considering the nuclear slowing
factors [33, 34]. It is straightforward to show that, when
θxy is close to pi/4, the field angle noises are related to
the phase result noise as
δθxy =
1
2
√
(tanψzδψz)2 + [(cosψz + secψz)δφ1]2,
δψz =
4 + sin2 ψz tan
2 ψz
(4 + 2 tan2 ψz) sinψz
δφ2. (7)
We plot field angle noises using Eq. (7) in Fig. 3(b), which
demonstrates a vector magnetometer sensitivity better
than 10 µrad/Hz1/2 above 10 Hz for both azimuthal and
zenith angles. This sensitivity is mainly limited by the
noises of the magnetic field current sources.
There are several regions of field orientations where at
least one of the field angle noises is significantly larger
than the noise level in Fig. 3(b) using the phase readout
method. According to Eqs. (3) and (5), these regions
are around the field angles of ψz = pi/2 or θxy = npi/2.
As an example of the dead zone, we plot the phase re-
sults for magnetic field orientations near the xz plane in
Fig. 4(a), where the weak relation between φ and ψx leads
to a large noise on the determination of the zenith an-
gle. However, the corresponding signal amplitude shows
a strong dependence on ψx as shown in Fig. 4(b), and
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FIG. 3: (Color online) (a) Phase result noise and (b)
field angle noise of the vector magnetometer with the
experimental conditions in the main text.
we can eliminate this dead zone by combining both the
signal phase and amplitude information. Following this
approach, we can largely reduce the vector magnetome-
ter dead zones to a small region of field orientations near
the probe beam direction, where the signal amplitude
is limited by the small projection of atomic polarization
in the probe beam direction. This dead zone could be
eliminated by adding another probe beam in a different
direction.
IV. CONCLUSIONS
In conclusion, we have demonstrated a Herriott cavity
assisted vector magnetometer using dual orthogonal Bell-
Bloom optical pumping beams, where we extract the field
orientation from the phase delays between the modulated
atomic signals and driving beams. We study the perfor-
mance of this vector magnetometer in a bias field rang-
ing from 100 mG to 500 mG, and demonstrate a charac-
teristic field angle sensitivity better than 10 µrad/Hz1/2
above 10 Hz. Using the additional signal amplitude in-
formation, the magnetometer dead zone is limited to a
region near the probe beam direction. We are working
on eliminating this dead zone with a system consisting
of two crossed Herriott cavities, and improving the sys-
tem for better accuracy of the theoretical model and
higher sensitivity on the magnetic field orientation. In
addition to the permanent electric dipole moment ex-
periment [23], this vector magnetometer could also be
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FIG. 4: (Color online) (a) Demodulated phase and (b)
amplitude results of the vector magnetometer signals
when the field orientation is near the xz plane.
applied in precision measurements such as the GNOME
experiment [3, 35, 36], where a high bandwidth vector
magnetometer increases the detection sensitivity of the
possible events coming through the magnetometer in the
direction perpendicular to the bias field compared with
scalar magnetometers [37].
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